Citation: Zhou Y, Kaminski HJ, Gong B, Cheng G, Feuerman JM, Kusner L. RNA expression analysis of passive transfer myasthenia supports extraocular muscle as a unique immunological environment. Invest Ophthalmol Vis Sci. 2014;55:4348-4359. DOI: 10.1167/iovs.14-14422 PURPOSE. Myasthenia gravis demonstrates a distinct predilection for involvement of the extraocular muscles (EOM), and we have hypothesized that this may be due to a unique immunological environment. To assess this hypothesis, we took an unbiased approach to analyze RNA expression profiles in EOM, diaphragm, and extensor digitorum longus (EDL) in rats with experimentally acquired myasthenia gravis (EAMG).
M yasthenia gravis (MG) is an autoimmune neuromuscular transmission disorder that shows a distinct propensity to compromise the extraocular muscles (EOMs). Several hypotheses have been considered. 1, 2 The least esoteric is that patients come to clinical attention with even slight visual disturbance produced by EOM weakness, whereas minor reductions of limb or bulbar muscle power are not as immediately appreciated. Other explanations can be divided into two categories: one suggests anatomic-physiological properties make the ocular motor system more susceptible to the neuromuscular transmission defect 2 and the other is that the EOM possesses a unique immunological environment, 1 which places the tissue at risk for antibody-mediated attack. The two hypotheses are not mutually exclusive; however, distinguishing between these considerations has therapeutic implications. Verification that immune properties target the EOM for attack suggests that immune-based treatments could be devised to reverse ocular involvement of MG.
The basis for the differential involvement of muscle groups by neuromuscular disease, in general, is an open question for muscle biology. Despite advances in understanding the primary pathophysiology of many nerve and muscle disorders, little is known as to why individual diseases target or spare specific muscle groups. For example, Duchenne muscular dystrophy, caused by a mutation in dystrophin, which is expressed in all skeletal muscles, produces weakness of quadriceps before deltoid, and the tibialis anterior is compromised more severely than the gastrocnemius. 3 Dystrophies related to mutations in dysferlin, which is involved in muscle membrane repair, produce dramatically different clinical presentations among patients, 4 and dysferlin-deficient mice have relative sparing of proximal muscles. 5 Extraocular muscle, even late in the disease course, is spared in most human muscular dystrophies and animal models. [6] [7] [8] Inflammatory and endocrine muscle diseases tend to involve proximal muscles and spare EOM and other cranial nerve-innervated muscles, and for these disorders no studies of differential pathology have been performed. In contrast, 9 Graves' ophthalmopathy and orbital myositis can be isolated to orbital tissue supporting a unique immunological environment for the EOM, and more generally the supporting orbital tissue. 10, 11 Myasthenia gravis is caused primarily by antibodies directed against the skeletal muscle acetylcholine receptor (AChR). 12, 13 The muscle-specific kinase and lipoprotein receptor protein-4 has been identified, as other autoantigens and patients with antibodies to these proteins may have ocular manifestations of MG. Experimentally acquired MG (EAMG) may be induced in animals by administration of antibodies directed against the AChR, which mimics the final effector mechanism of disease pathology observed in humans.
14 The passive transfer model of EAMG offers the advantage of a single mechanism of injury to the neuromuscular junction, which is applied in a uniform fashion among animals at a single time point. We administered a monoclonal antibody, which has been used by us and others [15] [16] [17] [18] [19] [20] to evaluate differential RNA expression profiles of EOM, diaphragm (DIA), and extensor digitorum longus (EDL) to assess the potential differential response of these muscles to injury and susceptibility to injury.
METHODS Animals
Eight-to 10-week-old female Lewis rats weighing 125 to 150 g (Harlan, Indianapolis, IN, USA) were used for the study. Animals were maintained in the Case Western Reserve University animal facility. Animals were housed in isolator cages in a pathogen-free environment, and rodent chow and water were provided ad libitum. A veterinarian was on staff and observed the health of the animals throughout the study. All experiments were conducted in accordance with the principles and procedures established by the National Institutes of Health and the Association for Assessment of Laboratory Animal Care and in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Experimentally Acquired MG Induction
Eight-to 10-week-old female Lewis rats weighing 125 to 150 g (Harlan) received 1.56 lg per gram of body weight intraperitoneal injections of rat anti-mouse muscle AChR monoclonal IgG2b isotype antibody McAb-3, which binds the skeletal muscle AChR's extracellular region. McAb-1 was used as an isotype control that binds the AChR but does not induce EAMG (both gifts of Vanda Lennon, Mayo Clinic, Rochester, MN, USA). 15 The dose of McAb-3 consistently produces mild weakness (Class 1) in 24 hours and moderate weakness (Class 2) in 48 hours by a generally accepted grading scale. 21 Rats were killed 48 hours after antibody administration. To qualify for analysis, rats receiving McAb-3 must have developed Class 2 weakness, but not greater. McAb-1-treated rats never demonstrated evidence of weakness.
Tissue Preparation
Extraocular rectus muscles, and DIA and EDL muscles were dissected from rats 48 hours after antibody administration. Tissues were snap frozen in liquid nitrogen and stored at À808C until use. Muscles were pooled from three rats for each of three independent replicate groups. This procedure served to limit interanimal and interexperiment variability.
DNA Microarray
Isolation of RNA and preparation of labeled cRNA followed methods described previously. 22, 23 Labeled cRNA was hybridized to Affymetrix GeneChip rat genome 430 v2.0 (RAE230 2.0) microarrays (Santa Clara, CA, USA), which evaluates 31,000 probe sets representing 30,000 unique transcripts and variants from more than 28,000 substantiated rat genes. The manufacturer's standard posthybridization wash, double-stain, and scanning protocols used an Affymetrix GeneChip Fluidics Station 400 and GeneChip Scanner 3000.
Microarray Data Analysis
Affymetrix Microarray Suite (MAS) software version 5.0 was used for initial data processing and fold ratio analyses. The MAS evaluates sets of perfect match and mismatch probe sequences to obtain both hybridization signal values and present/absent calls for each transcript. The MAS filter was used to exclude transcripts that were absent from all samples for further analysis. Present calls were as indicated for EOM (57.4% 6 2.6%), DIA (53.4% 6 4.7%), and EDL (52.9% 6 2.2%). Any transcripts with expression intensity below 400 (five times of background level) across all the samples were also excluded because distortion of fold difference values results when expression levels are low and may be within the level of background noise. Pairwise comparisons were used. For McAb-1 and McAb-3, transcripts defined as differentially regulated met the criteria of the following: nine of nine increase/ decrease call each McAb-3 versus McAb-1 in three replicates with nine comparisons, and absolute value of the mean fold difference value greater than or equal to 2.0. Hierarchical clustering was performed by using the clustering function in GeneSpring software (Agilent Technologies, Santa Clara, CA, USA). All differentially regulated genes as a gene list and their expression levels were organized by both individual samples as well as groups.
Affymetrix transcript annotations were replaced with official gene nomenclature and functions were assigned using information in National Center for Biotechnology Information Entrez Gene, UniGene, PubMed, and Affymetrix NetAffx and Weizmann Institute of Science GeneCards databases. To track disease-dependent changes in EAMG mice, we used an aggregate measure designated as the disease load index. 24 The disease load index is a unitless measure, representing the sum of the fold change absolute values of all differentially regulated transcripts of a given muscle.
Quantitative Real-Time PCR (qPCR)
Select transcripts were reanalyzed by qPCR, using the same samples as in the microarray studies. The qPCR used SYBR green PCR core reagent with an Applied Biosystems PRISM 7000 Sequence Detection System (Foster City, CA, USA), as described previously. 22, 23 Rat glyceraldehyde 3-phosphate dehydrogenase was used as an internal positive loading control. For primer sequences, see Supplementary Table S1 .
Fold change values represent averages from triplicate measurements, by using the 2 ÀDDCT method. 25 
Histological Assessment
As an additional validation of genomic profiling observations, we performed standard histological examination. Muscle tissues were mounted on cork with 8% tragacanth (Sigma, St. Louis, MO, USA) and immediately frozen in liquid nitrogencooled 2-methylbutane, sectioned at 8 lm, stained with hematoxylin and eosin, and viewed under a bright field microscope (Diaphot Nikon Instruments, Inc., Melville, NY, USA).
Immunohistochemistry
The EOMs were dissected and frozen in liquid N 2 -cooled 2-methybutane and stored at À808C until use. Ten-micrometer cryosections were fixed for 5 minutes with ice cold acetone and rinsed with PBS (pH 7.4) before they were blocked with 3% normal goat serum for at least 1 hour. 
RESULTS

Expression Profile Analysis
To identify global patterns of gene expression in rat muscles induced by EAMG, triplicate RNA samples from EOM, DIA, and EDL were prepared and further processed for microarray hybridization from McAb-3 antibody-induced EAMG rats and McAb-1-injected control rats. The expression profiling showed 331, 276, and 164 increased and 164,103, and 67 decreased (Supplementary Table S2 ) transcripts in EOM, EDL, and DIA, respectively, of EAMG-induced rats compared with those injected with control antibody with a total of 787 differentially regulated genes among the three muscle groups. Hierarchical cluster analysis of these 787 transcripts ( Fig. 1) showed a distinct expression pattern of the genes found to be differentially influenced by induction of EAMG in rats. Approximately two-thirds of the differentially regulated genes were increased (528 of 787), whereas one-third of the differentially regulated genes were reduced (259 of 787).
Comparison of the differentially regulated transcripts across all three muscle groups ( Fig. 2 ) identified 62 upregulated transcripts (Table 1 ) and 18 downregulated transcripts (Table  2) common to all three muscle groups. All transcripts that showed differential expression were classified into basic categories of function: response to stress/stimulus, immune response, transcription factor, metabolism, cell adhesion/ migration, cell-cell signaling/signal transduction, cell growth/ maintenance, regeneration related, muscle related, cell death/apoptosis, transcription factor related, protein synthesis/modification, receptor/ion channel plus some unclassified molecules and EST. The percentage of transcripts by category among EOM, DIA, and EDL are listed in Table 3 . The functional classification demonstrated that highly expressed transcripts among all muscles were predominantly in the areas of immune response, response to stress, and metabolism. A disease load index was calculated in a similar fashion to a study of muscular dystrophy 24 (Fig. 3) . Both increased and decreased transcripts contribute to the RNA expression assessment of the disease impact and summing their absolute fold change values provides a single transcriptional index of EAMG pathology. The higher number of induced/repressed transcripts in the EOM versus EDL and DIA is consistent with greater disease pathology affecting the EOM. The disease load index based on the increased gene expression levels for EOM FIGURE 1. Hierarchical clustering of the 787 gene probes identified as differentially expressed in EAMG rats compared to control rats among EOM, DIA, and EDL muscle groups. Transcripts identified are those at the intersection of data obtained with the Affymetrix MAS and RMA algorithms. The three independent replicates of each group are represented. The scale at the top right denotes normalized expression levels (red, high expression; blue, low expression).
was substantially higher, as was the disease load index of reduced gene levels, to a lesser degree, in comparison with the other two muscles.
Validation of RNA Profile
The qPCR and histological assessment validated results of RNA profiling. The expression levels of eight upregulated genes (Timp1, Spp1, Runx1, Myog1, Mt1a, Gpnmb, Gadd45a, Cebpd) and four downregulated genes (P2ry1, Neu2, fibronectin, Ly6) assessed by qPCR correlated well with the profiling analysis (Table 4) . These specific genes were selected for validation because of their specific involvement in muscle, immune system, or cellular repair function. In keeping with a large percentage of immune response gene alterations, histological assessment demonstrated cellular infiltration of muscle, consistent with inflammatory infiltrates, which was more prominent in EOM (Fig. 4) . Among the immune response genes identified, CD68 and CD163 are expressed in the infiltrating and residential macrophages. 
DISCUSSION
The RNA expression profiling indicates that EOM has a differential response gene expression compared with diaphragm and a leg muscle to EAMG produced by administration of antibody directed toward the AChR. We calculated a disease load index to assess the degrees to which the gene expression of each muscle diverged from the nondiseased state, which offers a means to compare the muscles' global response to injury. The EOM had the greatest disease load index, indicating that EAMG had provoked the greatest alteration of RNA expression in EOM, suggesting a greater degree of injury. The greater extent of inflammatory infiltration of EOM also indicates greater involvement of EOM by EAMG. Therefore, as in humans with MG, the EOMs appear to be preferentially involved by antibody-mediated attack of the neuromuscular junction. Finding that a large proportion of gene transcript alterations were related to immune function supports our hypothesis that the EOM, and more broadly the supportive tissue, are a unique immunological environment compared with other skeletal muscles. 11, 23, 26 We suspect that intrinsic properties make the EOM particularly susceptible to passively induced EAMG, 11 ,23 as appears to be the case for the preferential sparing of EOM by muscular dystrophies. 6, 10, 27 Our conclusions are subject to some caveats. The EOMs are highly vascular, 28 and therefore delivery of pathogenic antibody could be greater than other muscle. This could contribute to their greater damage, which would not be related directly to the intrinsic immune environment of the EOMs. In addition, the innervational ratio of EOM is higher than other muscles 29 and, therefore, could be subject to greater antibodyinduced injury from an AChR-specific antibody per area of muscle. This explanation is unlikely, as the amount of antibody infused is extremely high and likely to bind a large proportion on AChR at all neuromuscular junctions. The greater disease load index of EOM could represent a greater adaptive response to injury than other muscle, but this would not change our conclusion of EOM having a divergent response to EAMG compared with the other muscles.
Expression Profiling Similarities Across Muscles
The three muscles shared an increase in gene expression involved in regenerative processes, and several of these genes are known to be expressed in both muscle and cells of the immune system. Osteopontin gene transcripts were dramatically increased more than 30-fold in EOM and EDL and 10 times in DIA. Osteopontin, which is secreted from myoblasts and various immune cells, is involved in recruitment of inflammatory cells and muscle regeneration. 30, 31 Osteoactivin (GPNMB) is a type I transmembrane glycoprotein that is expressed in various cell types, including skeletal muscle and macrophages. Osteoactivin has immunosuppressive effects 32 and promotes maintenance of innervation 33 ; each of these properties would be particularly beneficial for recovery from injury induced by antibody attack of the neuromuscular junction. The FK506 binding protein 5 is a member of the immunophilin family, which is involved in calcineurin inhibition, protein folding and trafficking, and immune regulation. In common with osteopontin and osteoactivin, the gene is expressed in normal skeletal muscle and several component lines of the immune system. The MG sera and passive EAMG compromises muscle contractility beyond that expected by the neuromuscular transmission defect. 34, 35 The increase of FK506-binding protein, which moderates calcium activation of the ryanodine receptor, could explain this phenomenon.
Assessment by immunohistochemistry identified both CD68-and CD163-positive cells within EOM. The CD68 marker is generally accepted to identify M1 macrophages with a proinflammatory phenotype, whereas the CD163 marker identifies M2 macrophages, which are primarily involved in tissue repair. 36 The CD163 RNA expression was markedly elevated in the RNA profile. It should be appreciated that neither marker definitively differentiates pro-and anti-inflammatory macrophages. 36 Taken together, the data indicate at this early stage of antibody-induced injury both populations of macrophages are present in EOM, indicating that proinflammatory and tissue repair is occurring simultaneously, which is consistent with the entire RNA profile.
The genes Runx1 and Ankrd1, which were most likely exclusively muscle derived, were increased in each muscle group; Runx1 has been found to increase in response to denervation and prevent atrophy of skeletal muscle. 37, 38 The genes Spp1 and Rrad are influenced by Runx1 expression, and Ankrd1 is a member of a conserved gene family, referred to as muscle ankyrin repeat proteins (MARPs). The expression of MARPs is induced on injury and hypertrophy, stretch or denervation, and during recovery following starvation, suggesting that they are involved in muscle stress response pathways. 39 Increase in Runx1 and Ankrd1 is also observed with axotomy and mouse models of motor neuron disease, which has been found to have early neuromuscular junction degeneration. The Lgals3 gene (galectin), which we also found increased, is elevated in expression also in these other disease models. 40, 41 The CCAAT/enhancer binding protein (C/EBP), delta (Cebpd) is a transcription factor found in immune cells and several other tissues, 42 which is increased with motor neuron degeneration and food deprivation, in which it enhances myostatin expression. 43 Deranged neuromuscular transmission or the reduction of animal weight, presumably caused by reduced food intake, could have led to Cebpd increase.
Chitinase 3-like 1, a member of a family of genes that are induced at sites of infection, was elevated across all three muscles. These genes are part of innate antipathogen responses and appear to minimize oxidative damage and thereby reduce tissue injury. They increase the adaptive immune response to cancer and infection to eradicate pathogen invasion. 44 Chitinase proteins have been shown to enhance tissue healing and fibrosis.
The Ly6/neurotoxin 1 was the only one of two immunerelated genes found to be reduced in all three muscles; the other was a gene whose function is as yet to be characterized (see Table 2 ). In addition to being a cell surface marker of lymphocytes, Ly6 activates nicotinic acetylcholine receptors in various tissues, which may lead to cell injury. 45, 46 Its downregulation may serve a protective effect from potential synapse injury from depolarization and subsequent calcium influx, as observed in slow channel syndrome. 47 There was a general lack of alterations in interleukins and other cytokines observed to be elevated in circulation or circulating cells in MG, although there was a small increase in IL-6 receptor gene expression.
In addition to osteopontin, three cell adhesion-related genes were found to be increased across each of the three muscles. Angiopoietin-like protein 4 promotes angiogenesis in the context of wound healing and is activated during induction of systemic inflammation. 48, 49 The poliovirus receptor gene is a transmembrane glycoprotein and is part of the immunoglobulin superfamily with functional domains that mediate cell attachment to vitronectin and an intracellular domain that binds dynein. Its increased expression is most likely related to immune cell infiltration, in which it is known to function.
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Lgals3 is a member of the lectin family and is involved in many processes, including inflammation and tissue repair. 51, 52 Myogenin, the myogenic regulatory factor, was increased among all muscles, which would also support repair of injured muscle and activation of satellite cells. In contrast, Myf6 was increased only in EDL, and DIA and MyoD transcripts were only elevated EOM. These observations point to fundamental differences in response to injury among the muscles. These observations support the postulate that EOM is unique in its repair mechanism. McLoon and colleagues 53, 54 proposed that EOM is under a constant active state of remodeling, which explains its sparing by most muscular dystrophies.
Altered Metabolism
Nearly a quarter of the differentially expressed genes common to all muscles were related to cellular metabolism and an upregulation of transcripts occurred rather than a suppression. This observation is surprising, as the EOM, EDL, and DIA differ markedly in constitutive metabolic properties. Extraocular muscle does not have glycogen stores, has extremely high mitochondrial content, and relies on glucose and lactate as metabolic substrates. 55 In contrast, EDL is relatively poor in mitochondrial content and is primarily glycolytic, whereas DIA has a mixture of fiber types, which rely on oxidative and glycolytic metabolism. The gene responsible for synthesis of the key metabolic enzyme, pyruvate dehydrogenase kinase (Pdk4), was increased, which would be expected to lead to conservation of glucose and reduce free radical production through the electron transport chain. The gene Dgat2 catalyzes the conversion from diacylglycerol to triglyceride and its elevated expression would be expected to enhance lipid synthesis. 56 The Cyp4b1 gene promotes omega-hydroxylation of medium-chain fatty acids and is generated with acute inflammation. [57] [58] [59] An increase in uncoupling protein 3 (Ucp3) occurs when fatty acid delivery to mitochondria exceeds capacity for oxidation, which appears to be occurring based on the described gene changes and its activity leads to reduced reactive oxygen species formation. 60 Taken together, these relatively focused gene transcript alterations would favor oxidative metabolism and reduce free radical generation, perhaps to limit further tissue injury. Consistent with this conclusion, hemoxygenase-1 was elevated, which would be expected to reduce tissue injury with a potent anti-inflammatory influence as well as the promotion of wound healing. 61 
EOM-Specific RNA Expression Alterations
In addition to the overall disease load index being highest for EOM, immune-related gene expression changes were most prominent for the EOM compared with the other muscles. Part The percentage of transcripts in each category was calculated among EOM, DIA, and EDL separately and calculated in the commonly shared transcript list. of this can be explained by the greater infiltration of immune cells, as genes specific for these cells (Chemokine receptor 2, Leukocyte peptidase receptor 2, Sectm1, CD18, Igsf6, major histocompatibility related genes, CD68, Ccr1, CD44) or chemotactic for lymphocytes (Ccl20 and other chemokineligands) are predominant in the EOM genomic profile. Three complement pathway genes (C5r1, C2, C1qb) were elevated only in EOM; C5r1 is likely acting to resolve acute inflammation as has been observed in other conditions, 62 and C2 and C1qb are known to be expressed by myoblasts 63, 64 and cardiomyocytes, 65 which may lead to enhanced inflammation or clearance of cellular debris. Consistent with our previous investigations, transcript levels of the intrinsic complement inhibitor, Daf, were reduced in response to EAMG in EOM, but not the other muscles. 20 There is considerable evidence for skeletal muscle group heterogeneity from DNA microarray and proteomic studies. These all support the existence of broad-based, inter-and intraallotype diversity. 26, [66] [67] [68] [69] [70] [71] Genomic profiles support the notion that despite similarities in morphology (i.e., myotubes formed by a syncitium of myoblasts and striated appearance), EOM and skeletal muscles have significant differences in transcriptomes, [68] [69] [70] which warrant EOM classification as a distinct allotype, as cardiac and smooth muscle. Comparing results of the present RNA profile with those previously done of the wildtype state, [68] [69] [70] indicates that transcripts that are differentially expressed in EOM, for example, several myosin heavy chain isoforms, are not identified in the present profile. This observation indicates that induction of EAMG alters constitutive transcription.
In keeping with the baseline differences in the normal state, our results demonstrate that the inherent targeting of EOM by antibody attack is greater in EOM and the muscle responds in a fundamentally different way. This is consistent with observations of other muscle disorders, such as muscular dystrophies and motor neuron disease. 6, 10, 27 Significance for Human Disease
The administration of antibody against the AChR mimics the final effector mechanism of human MG, and the antibody used in this study activates complement, which is a primary mechanism of disease induction in humans. 13 However, it must be appreciated that the human disorder does not demonstrate inflammation, 72 as is observed in the passive transfer model of MG used here, and therefore, the present results may be most relevant to inflammatory disorders that affect EOM. We demonstrated that EOMs have inherent properties that make them more susceptible to injury, as demonstrated by the greater disease load index. Essentially all patients with MG have ocular muscle involvement and a large minority has disease isolated to the ocular muscles. Therefore, the underlying autoimmune pathology appears not to be the determining factor, but rather inherent properties of muscle. The results demonstrate that a relatively limited alteration of global RNA expression of muscle occurs in response to EAMG induced by antibody transfer. Muscles activate genes that are regenerative. Gene profiles indicate that metabolism is altered to limit generation of reactive oxygen species, which may produce further injury. EOM has a much greater increase in gene expression, which suggests that either there is a greater degree of injury or a particularly robust response to a similar level of injury to all three muscles evaluated. It is impossible to absolutely distinguish these possibilities; however, the greater infiltration of inflammatory cells does suggest a greater degree of injury to us. Continued work defining the immune environment of EOM may lead to targeted immunotherapy for orbital diseases, such as ocular myasthenia, orbital myositis, and Graves' ophthalmopathy. 6, 10, 27 
